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n March 18, 1993 the NASA Administrator
presented an Agency Group Achievement

Award to the NASA Microgravity Program

Science and Management Team in recognition

of their outstanding 1992 accomplishments In

support of the rapid growth and unprecedented

scientific and engineering success of NASA's

Microgravlty Science and Applications

Program.

Description of Cover Photographs: Materials Science:
Mercuric Iodide crystals grown in microgravity (1) have
fewer defects and greater purity than those grown on
Earth (2); Combustion Science: The sphedcal shape

of a flame in microgravity (3) is distinctlydifferent than a
flame on Earth (4); Biotechnology: Isocitrate Lyase
crystals grown In microgravity (5) demonstrate good

morphology (shape) and molecular ordering allowing
more accurate structure determination than crystals
grown on Earth (6); Fluid Physics: In microgravity (7),
air bubbles remain mixed with a flowing liquid, whereas
air rises above the liquidon Earth (8).
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Executive
Summary

N/LSA
MICROGRAVITY
SCIENCE AND
APPLICATIONS
PROGRAM
1 9 9 2

In the 1987 NASA report of the Microgravity Materials Science Assessment

Task Force, the United States effort was said to lag behind the European

and Japanese microgravity science space research programs.

By the end of 1992, NASA's Microgravity Science Program had estab-

lished itself as the undisputed international standard of excellence in

peer-reviewed, hands-on, space-based microgravity research.

he challenges faced and the progress achieved by NASA's Microgravity Science
Research Program during 1992 were unprecedented.

NASA'S MICROGRAVITYSCIENCE PROGRAM FUNDS RESEARCHBY PRINCIPALINVESTIGATORSWITHIN

ACADEMICDEPARTMENTSOF COLLEGESAND UNIVERSmES IN 31 STATESAND THE DISTRICTOF CO-

LUMBIA. Four NASA Research Announcements (NRAs), released in the fall of 1991, re-

sulted in a total of 490 proposals received and peer-reviewed in 1992 by panels involv-

ing 129 independent discipline experts. The level of activity in 1992 exceeded the cu-

mulative science proposals received in response to NASA microgravity announcements

of opportunity since 1976. In October 1992, NASA awarded approximately $15 million

dollars for 124 microgravity research grants. These new grants represented an in-

crease of 70 percent in the number of investigators sponsored by NASA's Microgravity

Science and Applications Division (MSAD) and over three times the number of grants

awarded in any previous year.

IN 1992, NASA'S MICROGRAVITYSCIENCE PROGRAM CONDUCTEDMORE PEER'REVIEWED, HANDS'ON

U.S. MICROGRAVITYSCIENCE RESEARCHIN SPACE THAN PERFORMEDCUMULATIVELYIN ALL PRIOR

YEARSSINCE SKYLAB(1973-74). Instruments for four Shuttle missions were developed, de-

livered, and integrated into the Spacelab and Shuttle on schedule and operated suc-

cessfully on-orbit. The missions were the 8-day International Microgravity Laboratory

(IML-1) in January 1992, the 14-day United States Microgravity Laboratory (USML-1)

(the first Space Shuttle flight wholly dedicated to microgravity science) in June 1992,

the 8-day Japanese dedicated Spacelab (SL-J) in September 1992, and the 9-day United

States Microgravity Payload (USMP-1) in October 1992.

THE MUCH-APPLAUDEDUSML-1 PROGRAMREPRESENTEDTHE SYNTHESISOF PROGRAMSCIENCE AND

PROGRAMMANAGEMENTSKILLS RESULTINGIN NEW APPROACHESTO MEET A CHALLENGINGUSML-1

LAUNCHCOMMITMENTMADE TO THE CONGRESS IN 1988. Three major flight experiments, the

Crystal Growth Furnace (CGF) from the Marshall Space Flight Center, the Drop

Physics Module (DPM) from the Jet Propulsion Laboratory, and the Surface Tension

Driven Convection Experiment (STDCE) from the Lewis Research Center, were deliv-

ered to KSC only three years after flight confirmation. This fast-paced development

process called for new technical and management approaches to insure that the science

objectives of the flight hardware were not compromised. Central to the success of this pro-

gram was the establishment of highly cooperative working relationships among the

NASA Field Centers involved in the mission.



NASA COMMUNICATED THE OBJECTIVES_ ACTIV/_13ES_ AN o RESULTS OF THE MICROGRAVITY SCIENCE

PROGRAM THROUGH AN AGGRESSIVE EDUCATIONAL OUTREACH PROGRAM. The Agency's _rst

ever microgravity science teachers guide, Microgravity - A Teacher's Guide With

Activities, was developed, published and made available to thousands of secondary-

level educators. This guide contained a p_mer covering the science discip!!nes sup-

ported by the Microgravity Science Program, as well as a dozen different demonstra-

tions designed to be performed in an$ classroom. In late June and early July, fifteen
"Today in Space" NASA Select television productions describing t-he:USML-1 micro-

gravity investigations were developed and aired. A special NASA Education Satellite

Teacher Video Conference on Microgravity_ accessible to over 10,000 schools across the

United States, was broadcast on December 15, 1992.

MICROGRAVITY SCIENCE SPAWNED TECHNOLOGY DEVELOPMENT IN A WIDE RANGE OF DIAGNOSTICS.

The Lambda Point Experiment on USMP-1 required an on-orbit temperature mea-

surement and control system capable of being commanded from the ground by the

Principal Investigator, in real-time, with an accuracy of one-billionth of a kelvin. This

was a hundred times better than possible on Earth, The microgravity science program

defined it, designed it, built it and it worked as desired.

NASA CONTINUED TO MOVE AGGRESSIVELY BUT SENSIBLY TOWARD A BROAD CAPABILITY FOR EXPER-

IMENTATION IN SPACE, LEADING ULTIMATELY TO USE OF SPACE STATION FREEDOM AND OTHER AD-

VANCED CARRIERS. USML-1 also served as a Space Station Freedom (SSF) precursor

flight, demonstrating the operational concept for the Space Station Furnace Facility
(SSFF). The Crystal Growth Facility on USMLo 1 was used for the required SSFF proof-

of-concept five years earlier than originally scheduled. Telescience techniques used to

remotely operate experiments on USMP-1 provided an important window to the future

for early SSF operations.

NASA'SMICROGRAvrrYSCIENCEPROGRAMDEMONSTRATEDTHEUNrrEDSTATESPREEMINENCEINM_-
CROGRAVITY SCIENCE, TECHNOLOGY, AND APPLICATIONS DURING 1992.
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SECTION 1 :

Introduction
his report describes key elements of the microgravity research pro-
gram as conducted by the Microgravity Science and Applications

Division (MSAD) within the Office of Space Science and Applications

(OSSA) during fiscal year (FY) 1992. This NASA funded program sup-

ported investigators from the university, industry, and government re-

search communities. This report summarizes the program's goals, the

approach taken to achieve those goals, and the resources that were

available. It provides a "snapshot" of the Program's status at the end

of FY 1992 and reviews highlights and progress in the ground and

flight-based research during the year. It also describes four major

space missions that flew during FY 1992, the advanced technology de-
velopment (ATD) activities, and the plans to use the research potential

of Space Station Freedom and other advanced carriers.

The MSAD program structure encompassed five research areas:

1) Biotechnology, focusing on macromolecular crystal growth as well

as cellular response to low stress environments,
2) Combustion Science, focusing on processes of ignition, propagation

and extinction during combustion in a low-gravity environment,

3) Fluid Physics, including aspects of fluid dynamics and transport

phenomena affected by the presence of gravity,

4) Materials Science, including electronic and photonic materials,

glasses and ceramics, and metals and alloys,

5) Benchmark Physics, including the study of critical phenomena, low

temperature physics and other phenomena where significant ad-

vantages exist for studies in a low gravity environment.

Experiments in these areas typically sought to provide a better under-

standing of gravity-dependent physical phenomena and those phenom-

ena made obscure by the effects of gravity. Results were used to chal-

lenge and validate contemporary scientific theories, to identify and de-

scribe new physical aspects that are unique to the low gravity environ-

ment, and to engender the development of new theories through the ac-

quisition of unexpected and unexplained results.

The commercial microgravity program was conducted by the

Commercial Flight Experiments Division within the newly created
Office of Advanced Concepts and Technology (OACT). The OACT

sought to stimulate and facilitate U.S. industry participation and in-
vestment in the commercial development of space. This involved the

identification of industrially-oriented research objectives in response to

industry goals and an implementation in partnership with suitable aca-

demic and government partners. This industrially-oriented research

was sponsored by NASA and its industrial and academic partners and
included collaboration with some of NASA's basic research programs.
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The approaches of OSSA and OACT to the implementation of NASA's

complementary microgravity programs are summarized in this report,

but accomplishments of the FY 1992 commercial microgravity program -"

are reported elsewhere. This annual report focuses on the microgravi- ._

ty research program as conducted by the Microgravity Science and

Applications Division of OSSA.

A complementary document to this annual report is the "Microgravity

Science and Applications Program Tasks and Bibliography for FY
1992 , NASA Technical Memorandum 4469, March 1993. Detailed in-

formation on the research tasks hmded by MSAD during FY 1992 are

listed and it is an excellent reference for supplementary information to

this annual report. Table 1.1 summarizes some of the information in

the program task book that may be of interest to the reader.

Table 1.1 FY92 ProgramResearch Task Summary: Overview Information & Statistics

Total Number of Principal Investigators: 144

Total Number of Publication Citations and Presentation Credits: 559 i

Total Number of Patents Cited: 7

- FY 1992 Microgravity Science & Applications Budget: $120.8 Million

i Number of U.S. States with Funded Research (including District of Columbia): 32Dlstrlbutlon of Mlcrogravlty Science and Appllcatlons Research Tasks & Types

Types of Research:
Centers Ground .... Flight ATD _nter iota s

2 Jet Propuson Laboratory 13 ' 4 9.

Johson Space Flight Center 2 ' ]. 0
Lang ey Research Center 4 l 1 1

Lews Research Center 45 19 5 ::i::_9 ::: :

Marshall Space Flight Center 19 18 ] 2 '::!'::::i'::::::::::39

i NAS._H_:arters 8 _ 0 ............. ........

!
|
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SECTION2:

Microgravity
ProgramGoals

for 1992

he MSAD Microgravity Research Program during FY 1992 was de-
veloped and implemented using an integrated plan that included

space science, applications and commercialization objectives. The

Program's mission during this period was to:

Obtain new knowledge and increase the understanding

of gravity-dependent physical phenomena and those
phenomena obscured by the effects of gravity in biolog-

ical, chemical and physical systems, and, where feasi-

ble, to facilitate the application of that knowledge to

commercially viable products and processes.

The Microgravity Program goals for FY 1992 were to:

Goal 1: Develop a comprehensive research program in biotechnology,

combustion science, fluid dynamics and transport phenomena, materi-

als science, and selected investigations of other gravity-dependent phe-
nomena.

Goal 2: Foster the growth of an interdisciplinary community to con-
duct the research and to disseminate the results.

Goal 3: Enable the research through the development of suitable ex-

periment apparatus and by choosing the carrier most appropriate for
the experiment.

Goal 4: Promote United States commercial involvement and invest-

ment for the development of new, commercially viable products, ser-

vices, and markets resulting from research in the space environment.

Goal 5: Foster international cooperation and coordination in conduct-

ing low gravity research of mutual benefit, while maintaining the

United States' competitive commercial position.
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SECTION3:

Microgravity
Program

Approach
for 1992

PRE(t,E'D!N3 P,._;,_ BLA_K NOT

N ASA's Office of Space Science and Applications and the recentlyformed Office of Advanced Concepts and Technology had a com-

plementary approach for implementation of the overall NASA micro-

gravity science and applications program. The Microgravity Science

and Applications Division focused on basic and applied research to con-

tribute to a fundamental understanding of physical phenomena and to

enable technological advances. The Commercial Flight Experiments

Division of OACT focused on industrially-oriented research and pro-

gram development initiatives that encouraged and facilitated partici-

pation and investment of U.S. industry in commercial space endeavors.

MICROGRAVITYSCIENCEAND APPLICATIONSDIVISION(MSAD)

The MSAD approach to conducting space research followed the previ-

ously established process of starting with new ideas proposed by indi-

viduals or teams of investigators in response to discipline specific solic-

itations. These proposals were then peer reviewed. All selected new

ideas underwent a ground-based definition phase to collect data, to con-

firm the scientific rationale for access to a low-gravity environment, and

to focus the research objectives. As a result of this approach, research

activities were in various phases of the process throughout the year.

Flight-dependent hypotheses were refined or confirmed and their asso-

ciated flight objectives validated using ground-based, reduced-gravity

facilities. In these facilities, low-gravity test environments of varying

durations were available--up to 2.2 seconds in drop towers and drop

tubes (the 5-second drop tower was closed for most of FY 1992 for re-

furbishment), 25 seconds in aircraft, and 15 minutes in suborbital rock-

ets. To support these investigations (as well as those requiring longer
periods of reduced gravity) the flight program selected the most cost-

effective option from a broad range of hardware and carrier resources.

MSAD cooperated with NASA's international partners by establishing

and maintaining international working groups with one or more na-

tional agencies and through multilateral agreements with individual
governments. Typically, NASA would offer to provide access to space

while the international partners would offer to provide flight hardware

of significant interest to the U.S. science community. The experimen-

tal data would then be shared by the participating countries. Also,

United States investigations could have international co-investigators.

The program has sought to share and maximize the science return

while minimizing the total experiment cost.

MSAD continued to support a cooperative program that offered oppor-

tunities for U.S. investigators to propose the use of international
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hardware. Experience gained through hardware development in one

country has been shared to affect future hardware development in an-

other country. Every effort was made to maintain an open exchange

while protecting individual rights to designs, data and technologies.

MSAD worked with and received guidance from several advisory and

review groups during FY 1992. These groups and their relationships
to NASA are shown in Figure 3.1. Program content, plans and priori-

ties were reviewed periodically by the Microgravity Science and

Applications Subcommittee. The Space Station Science and

Applications Advisory Subcommittee continually reviewed the pro-

gram with regard to Space Station utilization. Both are subcommittees

of the Space Science and Applications Advisory Committee that re-
views the activities of the OSSA and, in turn, are represented on the

NASA Advisory Council. In addition, MSAD supported a review of

NASA technology programs performed by a special National Research
Council committee made up of members of the National Academy of

Sciences and the National Academy of Engineering. The Committee on

Microgravity of the Space Studies Board continued its efforts to define

a long-range research strategy for NASA's Microgravity Science

Program. This strategy is expected to be released by the National
Research Council in FY 1994.

Rgure 3.1 Microgravity Science and ApplicationsReviewand AdvisoryBoards

....... National

RevfewtAdVlsOry
Boards

ResearchNati°nal NASA Administrator

Council

Space Office of Space

: Studies Science & Applications
Board

NASA
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Space Science &

Applications

Advisory Committee

(SSAAC)

Committee Microgravity Science

on pg & Applications Division
Research

Science

Branch

Microgravity
Science &

Applications
Subcommittee

Space Station
Science &

Applications

Advisory
Subcommittee

Science

Discipline

Managers
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Four Science Discipline Working Groups (DWG) were established in
FY 1992 in the areas of Biotechnology, Combustion, Fluids and

Transport Phenomena and Materials Science. The DWG were respon-

sible for maintaining an overview of the efforts in the discipline areas,

and for providing an annual program assessment. They began the

process to recommend discipline refinements and science priorities in-

cluding an assessment of the strengths and weaknesses of the micro-

gravity research program. The DWG also began to identify the most

promising areas for investigation and the most advantageous ap-

proaches for experimentation.

MSAD continued an advanced technology program with the objectives

of enhancing the capabilities of experimental hardware, overcoming

technology-based limitations in its science program, and enabling new

types of scientific investigations. In FY 1992, these MSAD technology

development efforts continued to be coordinated with the programs of
the Office of Advanced Concepts and Technology (OACT) to identify the

most cost-effective means of meeting MSAD technology needs.

OFFICEOFADVANCEDCONCEPTSANDTECHNOLOGY(OACT)

During FY 1992, OACT-sponsored Centers for the Commercial

Development of Space (CCDS) were the primary mechanism through

which industry -- in partnership with universities, nonprofit institutes

and other government agencies -- participated in an industry-driven,

commercially oriented microgravity program. A listing of the CCDSs

involved in the microgravity program and their affiliation is shown in

Table 3.1. OACT provided seed money to develop the CCDSs at uni-

versities and nonprofit organizations, which were also supported by
industry contributions. The CCDSs formed partnerships with various

industries that shared a common interest in focused or applied space

research. The amount of such support is a major consideration in

OACT approval for the activities. These centers provided an excellent

mechanism for combining academic and industrial research to ensure

experiments had industrial relevance.

In addition to implementing a space flight activity through a CCDS, in-

dustry could also propose directly to OACT to fly commercial develop-

ment payloads through arrangements such as a Joint Endeavor

Agreement (JEA). Such an agreement recognized that some industri-

al partners may not require or desire the "incubator" support of a
CCDS. Other agreements such as the Technical Exchange Agreement

(TEA) were intended to facilitate exploration of the knowledge and ca-

pability base in research areas of mutual interest to industrial partners
and NASA.
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Table 3.1 NASA MicrogravityCentersfor theCommercialDevelopmentof Space (CCDS)

Centerfor MacromolecularCrystallography
(_hadesBugg,Director

UniversityofAlabama
Birmingham,AL

Centerfor SpaceProcessingof EngineeringMaterials
R.A. Overfelt,Dlrector

VanderbiltUniversity
Nashville,TN

SpaceVacuumEpitaxyCenter
Alex Ignatiev,Director

Universityof Houston
Houston,TX

SpaceAutomationand RoboticsCenter (SpARC)
RobertSampson,Director

EnvironmentalResearch
InstituteofMichigan(ERIM)

AnnArbor,MI
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SECTION 4;

Microgravity
Researchfor

1992

OVERVIEW

NASA funded a robust microgravity research program in a wide vari-

ety ofmicrogravity-related disciplines. Though each research task was

designed to yield a deeper understanding of phenomena within a par-

ticular scientific discipline, the knowledge gained from research in one

field often had interdisciplinary impacts. Investigations sponsored as

part of the microgravity science program shared one characteristic;

they required reduced or near-zero gravity conditions in order to

achieve their objectives.

The overall Microgravity Research Program was conducted through in-

tegrated ground-based and flight programs. The primary functions of

the ground-based research program during this period were to develop

concepts that led to flight experiments; to determine limitations of var-

ious terrestrial processing techniques; and to provide analysis and

modeling support to the flight program. A successful ground-based re-

search program generally represents a necessary first step toward

flight experimentation. In FY 1992, MSAD directly funded a total of

144 microgravity research activities; 101 in the ground-based program

and 43 in the flight program.

HIGHLIGHTSOFTHE FY1992 MICROGRAVITYRESEARCHPROGRAM

Highlights of NASA's microgravity research program in FY 1992 are

presented below. Research activities are classified into five categories:

biotechnology, combustion, fluid physics, materials science, and bench-

mark physics.

Biotechnology

In 1992, the MSAD biotechnology research program continued to focus

on growing crystals of biological molecules of the size and quality

appropriate for high resolution x-ray crystallography studies. These
studies were directed towards resolving the detailed structures of

biologically important molecules as well as improving basic under-
standing of the protein crystal growth process. Structural biology is a

major field of basic biomedical research, and crystallography is the

most powerful method for determining the structures of complex bio-

logical molecules. The biotechnology program also investigated the
characteristics of human cell and tissue growth in the low shear-stress

environment provided by the Bioreactor.

With the flight of protein crystal growth experiments on three

missions, as well as extensive ground research, 1992 was a particular-

ly active year for this area of research. In particular, the size and high
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internal order of Satellite Tobacco Mosaic Virus crystals grown on orbit
allowed greatly enhanced structural knowledge to be obtained for this

crop virus.

A new imaging plate detector system at the Marshall Space Flight
Center (MSFC) has significantly enhanced their structural determina-

tion capabilities. The structural determination of human serum albu-

min, the most abundant protein in the circulatory system, was pub-
lished in a recent issue of Nature and the structures of a number of

other albumins have been refined. Comparisons of these structures are

revealing a wealth of information regarding the evolution and chem-

istry of these important macromolecules. Structural investigations on

human antibodies expressed against the human immunodeficiency

virus type 1 (HIV-1) continued with work on the structure of the mon-

oclonal antibody Fab (3D6) recently appearing in the Proceedings of the

National Academy of Science. Fundamental research in protein crys-

tallization looked at improving current understanding of the crystal

growth process, particularly with regard to the initial step of nucle-

ation. Results oflysozyme experiments indicated that more protein ag-
gregati0n was occurring, in both under and over-saturated protein so-

lutions, than had previously been believed.

Over the past three years, research with the Bioreactor enabled devel-

opment of cell cultures that behave more like the three-dimensional

tissues of the human body. The cells appeared to recreate the correct

three dimensional relationships in the Bioreactor as in human tissues.

This work is continuing with test flights of culturing vessels using syn-

thetic particles to model tissues. A recent Molecular Biology of the Cell

article detailed the results of epithelial cell growth studies.
Adenocarcinoma tissue that expressed biochemical markers not seen

in standard tissue cultures was also successfully grown. In addition,

cooperative research studies using the Bioreactor focused on a wide

range of normal and cancerous tissues including breast, ovarian, blad-

der, prostate, cartilage, and bone. Table 4.1 lists the 6 biotechnology

tasks that were directly funded by MSAD in FY 1992 along with the as-

sociated principal investigators and affiliated institutions.

Table 4.1 Biotechnology Tasks fundedby MSAD in FY 1992
GROUND EXPERIMENTS

CrystallographicStudiesofProtein Dr, Daniel C. Carter

NASA Marshall Space FlightCenter
Huntsville,AL

• -_, --_FY 1992



3-DimensionalModelingof Human
ColonTissues

Dr. J. MilburnJessup
NewEnglandDeaconessHospital

Boston,MA

Studiesonthe ProteinCrystal
NucleationProcess

Dr.Marc L. Pusey
NASAMarshallSpace FlightCenter

Huntsville,AL

FLIGHT EXPERIMENTS

ElectrophoreticSeparationof CellsandParticles
fromRatPituitaryandRatSpleen

Prof.WesleyC. Hymer
PennStateUniversity

UniversityPark, PA

ElectrophoresisTechnology Dr. RobertS. Snyder
NASAMarshallSpaceFlightCenter

Huntsville,AL

!

Combustion Science

The objectives of the FY 1992 MSAD research program in combustion

were to understand the processes of ignition, propagation and extinc-

tion during combustion in a low-gravity environment. This work was

directed at both fundamental research and issues of fire safety in space.

Investigations focused on studies of the processes of ignition, flame

spreading, flame extinction, flame physical characteristics such as size

and shape, and soot formation and its role in combustion. Also inves-

tigated were air flows and heat and mass transfer phenomena at a com-

bustion site for a variety of materials from fuel vapors, to liquid pools,

to paper and metal solids.

The characteristics of smoldering combustion were also studied. An

approach was used in the combustion research that included a balance
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between theoretical modeling and experiments that made extensive

use of the 2.2 second NASA drop tower mentioned in Section 6. The

Solid Surface Combustion Experiment (SSCE) was flown on two Space

Shuttle flights during 1992. It was designed to determine the mecha-

nism of gas-phase flame spread over solid fuel surfaces in a low-gravi-

ty environment. Combustion experiments were also performed on

NASA aircraft using parabolic flight trajectories.

In FY 1992, experimental work with gas jet diffusion flames revealed

new differences between the spread of flame turbulence in low-gravity

and Earth gravity, stimulating keen interest in the scientific commu-

nity. Experiments using a range of hydrocarbon fuels showed that, in

microgravity these disturbances propagated from the base of the flame,

while on Earth the disturbances first appear at the flame tip. Work

also continued on the numerical modeling of laminar flames. Model

predictions correlated well with previous drop tower results.

Several investigations studying the combustion of flammable droplets

= and sprays continued this year with the design, construction and test-

_< ing of novel types of reaction apparatus. In addition, analytical stud-

ies of the extinction ofheptane diffusion flames predicted the extinction
diameters of fuel drops.

_0
C)

12

Testing in normal gravity was the first step in studying the role of

buoyant convection in flame spread across liquid pools in 1992. Both

the flame character and the flame spread rate were found to be depen-

dent on pool depth for a variety of reaction conditions. Computational

models are being developed to explain the ground results and to predict

the effects of varying the gravity level. New instrumental techniques

were also applied that allowed liquid flow to be observed to the full
depth of the pool. Table 4.2 lists the 23 MSAD combustion science

tasks funded in FY 1992.

Table 4.2 Combustion Science Tasks funded by MSAD in FY 1992
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GROUND EXPERIMENTS

An ExperimentalandTheoreticalStudyof
RadiativeExtinctionof DiffusionFlames
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Modelingof MicrogravityCombustionExpedents

0
Z ::

Prof.ArvindAtreya
MichiganStateUniversity

EastLansing,MI

Prof.John C.Buckmaster
Universityof Illinois

Urbana,IL



Combustionof InteractingDropletArrays
Ina MicrogravityEnvironment

Dr. DanielDietrich
SverdrupTechnologyInc.,LeRC

BrookPark,OH

StructureandDynamicsof PremixedFlames
inMlcrogravlty

Dr. K. Kailasanath

NavalResearchLaboratory
Washington,DC

Measurementsand Modelingof SootingTurbulent
Jet DiffusionFlamesUnderNormaland

Reduced.GravityConditions

Prof.JerryC. Ku
WayneState University

Detroit,MI

A FundamentalStudyof theCombustionSynthesis
of Ceramic-MetalCompositeMaterials
UnderMicrogravityConditions

Prof.JohnJ. Moore
ColoradoSchoolof Mines

Golden,CO

CombustionExperimentsin ReducedGravity
with2-ComponentMiscibleDroplets

Prof.BenjaminShaw
Universityof California

Davis,CA

HighPressureDropletCombustionStudies Prof.FormanA.Williams
Universityof California,SanDiego

LaJolla, C

FLIGHT EXPERIMENTS

Low-Velocity,Opposed-FlowFlameSpreadina
Transport-Controlled, MlcrogravityEnvironment

Prof.RobertA.Attenkirch

MississippiStateUniversity
MississippiState,MS
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Investigationof LaminarJet DiffusionFlamesIn
Microgravlty:A Paradigmfor SootProcesses
inTurbulentFlames

Prof.GerardM.Faeth
Universtiyof Michigan

AnnArbor,MI

PremlxedLaminar andTurbulentRames
at Microgravity

Prof.PaulD.Ronney
PrincetonUniversity

Princeton,NJ

ScientificSupportfor a SpaceShuttle
DropletBurningExperiment

D

Prof.FormanA. Williams
Universityof California,SanDiego

LaJolla, CA

Fluid Physics

The objective of the microgravity fluid physics program during FY 1992

was to conduct a comprehensive research program on fluid dynamics

and transport phenomena where fundamental behavior is limited or af-

fected by the presence of gravity, and where low-gravity experiments

allow insight into that behavior. For example, a low-gravity environ-

ment results in greatly reduced density-driven convection flows and al-

lows the study of other forms of convection such as flows driven by sur-

face tension gradients, magneto/electrodynamics, or other interfacial

phenomena. Investigations of these phenomena result in the basic sci-

entific and practical knowledge needed to design effective and reliable

space-based systems and facilities that rely on fluid processes.

Another objective of the fluid physics program was to assist other

MSAD disciplines, such as materials science or combustion science, by

developing an understanding of those gravity-dependent fluid

phenomena that could effect the success of their programs. Over the

last year, much of this work was focused on the development of the nu-

merical modeling necessary to link the complex variables affecting the

various dynamic fluid systems being studied. Work performed with

thermal convection models of strongly rotating liquid spheres, which

varies with the latitude of the sphere, can be applied to the differential

rotation of stars and gas giants. Scaling of the developed model yield-

ed results consistent with the solar pulsation cycle and with Voyager

observations of Jupiter's jet streams.
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A critical point experiment looking at density variations and time

scales was successfully flown in 1992, logging 60 hours of imaging in-

terferometric fringes. The critical point is the pressure and tempera-

ture combination at which the distinction between the liquid and gas

states of a fluid ceases to exist. Preliminary results of the flight exper-

iment agreed with theoretical predictions regarding heat diffusion

rates near the critical point. This information will be used to support

another flight in 1994.

The performance of prototype hardware for a pool boiling experiment

flown aboard the Space Shuttle was judged to be near perfect. The re-

sulting data showed that pool boiling in reduced gravity is a transient

process and not a steady periodic one. To support boiling studies in

thin liquid films, a drop tower test rig was designed and assembled at

Lewis Research Center to look at the interaction between fluid dynam-

ics, heat transfer and buoyancy. Table 4.3 lists the 29 MSAD Fluid

Physics tasks funded during FY 1992.

Table 4.3 Fluid Physics Tasks funded by MSAD in FY 1992

GROUND EXPERIMENTS

FluidInterfaceBehaviorUnderLow-and
Reduced-GravltyConditions

Prof.PaulConcus
Universityof California

Berkeley,CA

DropMicrophysics Prof.RobertH.Davis

UniversityofColorado
Boulder,CO

Studiesof TwoPhaseFlowunderMicrogravtty Prof.A.E. Dukler
Universityof Houston

Houston,TX

MolecularDynamicsof Ruid-SolidSystems
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Prof.JoelKoplik
CityCollegeofNewYork

mNewYork, NY _=
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NonlinearDrop Dynamicsand Prof.L. Gary Leal
ChaoticPhenomena UniversityofCalifornia

SantaBarbara,CA

ThermocapillaryConvection Prof.G. PaulNeitzel
GeorgiaInstituteofTechnology

Atlanta,GA

ContalnerlessCapillaryWaveTurbulence Dr. SethJ. Putterman
Universityof California

LosAngeles,CA

Dielectric/ElectrohydrodynamlcProperties

CapillaryContainmentof Liquidsina
MicrogravityEnvironment

Prof.DudleyA. Saville
PrincetonUniversity

Princeton,NJ

Prof.PaulH.Steen
CornellUniversity

Ithaca,NY

ComputationalStudiesof DropCollision
andCoalescence

Prof.GretarTryggvason
UniversityofMichigan

AnnArbor,MI

Studiesofthe Dynamicsof ChargedFreeDrops

FLIGHT EXPERIMENTS

Prof.TaylorG.Wang
Vanderb_University

Nashville,TN
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Kineticsof DiffuslonalDropletGrowth Dr. DonaldO. Frazier

NASAMarshallSpaceFlightCenter
Huntsville,AL

InterfaclalPhenomnsinMultilayered
FluidSystems

Prof.Jean N.Koster
Universityof Colorado

Boulder,CO

ThermocapillaryMigrationand Interactions
of Bubblesand Drops

Prof.ShankarSubramanian
ClarksonUniversity

Potsdam,NY

I

Materials Science

The goal of the microgravity materials science program during FY 1992

was to use the unique characteristics of the space environment to bet-

ter understand the processes by which materials are produced as well

as their properties. Of particular interest was understanding the role

of gravity-driven convection in the processing of electronic and photon-

ic materials, metals, alloys, composites, glasses, ceramics, and poly-

mers. Potential industrially-oriented benefits of the materials science

program include new materials capable of being produced in the space

environment or better understanding of material processes leading to

improved process control strategies on Earth.

In FY 1992, the program was characterized by a balance of theoretical

studies, fundamental research, and applications-oriented experiments.

These investigations were conducted using space-qualified scientific

hardware provided by NASA and other cooperating international space

agencies. This hardware was used in a variety of configurations rang-

ing from the interactive systems inside the Spacelab module to the au-

tomated systems in the Cargo Bay of the Space Shuttle. The ground-

based program complemented the flight activity by focusing on neces-

sary numerical and analytical modeling, by conducting exploratory re-

search, and by providing a base in which potential flight research ideas

could mature.
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The materials science research program involved a wide spectrum of
studies that looked at various growth methods, apparatus, and growth

conditions, such as the interaction of heat and mass transfers, melt

flows, and interface morphologies. Work was also performed on the de-

velopment of novel measurement techniques suitable for the extreme
conditions under which the various materials of interest are produced.

For example, directional solidification crystal growth is a temperature-

controlled process and therefore the measurement and control of tem-

perature within the growth ampoule is of paramount importance.

Therefore, work was performed on the development of instrumented

calibration samples, temperature probe placement, and evaluation of

various temperature probes to determine which type had the best ac-

curacy and stability without adding undue disturbance to the mea-
surement.

Much of the materials research on metals and alloys in FY 1992 was on
solidification zone studies and containerless processing. The results of

solidification experiments aboard IML-1 continue to yield a great deal
of information on the role that buoyancy plays in the growth of metals

from melt, while separate ground studies have determined that thea

flow in the upper part of the solidification zone is driven by convection

O
-r

18

¢
O

g

m
z
o
m
).
z

"o
"o
r"

o
z

<

o
z

in the all-liquid region. Containerless processing involves the use of

levitated samples in order to prevent the solidification process from

being affected by contact with container walls. A breakthrough was

made in high-temperature electrostatic levitation technology in 1992

and the instrument capabilities were verified with various high densi-

ty alloys. A patent application was submitted for this instrument.
Aero-acoustic and microwave levitators were also used in material

studies, including work on glass formation, fluid motion and the liquid-

optical properties of a levitated calcia-gallia-silica system.

Electronic materials, including semiconductors and gamma ray detec-

tors, were grown in several experiments performed on orbit in FY 1992.

Initial analysis of the two samples of cadmium zinc telluride success-

fully flown aboard USML-1 indicated the presence of unexpected, and

potentially significant, thermal and gravitational asymmetry through-

out the steady-state growth period. Drop tower experiments were per-
formed in order to study the containerless solidification of yttrium bar-

ium superconducting compounds. Table 4.4 lists the 20 flight and 43

ground-based MSAD Materials Science tasks funded in FY 1992.
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Table 4.4 Materials Science Tasks funded by MSAD in FY 1992

GROUND EXPERIMENTS

METALS AND ALLOYS

MicrowaveMaterialsProcessing
inMlcrogravlty

Dr. MartinB. Barmatz
Jet PropulsionLaboratory

Pasadena,CA

DynamicThermophysicalMeasurements
In Microgravlty

Dr.AredCezairliyan
Natl.Instituteof Standards&Technology

Gaithersburg,MD

ModelingDirectionalSolidificationIn
Furnaces/Processesinthe MlcrogravltyMaterials
ScienceLaboratory

Dr.ArnonChait
NASALewisResearchCenter

Cleveland,OH

Modelingof Coalescence Prof.RobertH. Davis
Universityof Colorado

Boulder,CO

Evaluationof MicrostructuralDevelopment
In UndercooledAlloys

Prof.RichardN.Grugel
VanderbiltUniversity

Nashville,TN

FluidFlowDuringAlloy Solidification Prof.AngusHellawell
MichiganTechnologicalUniversity

Houghton,MI

Modeling/ExperimentalStudiesof
DropletPushinginMiscibilily-GapAlloy
SolidificationUnderLow-gConditlons

Prof.WilliamB. Krantz
Universityof Colorado

Boulder,CO
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Containerless Processing for Controlled
Solidification Microstructures

Prof. John H. Perepezko
University of Wisconsin

Madison, Wl

Electrostatic Contalnerless Processing Dr. Won-Kyu K. Rhim
Jet Propulsion Laboratory

Pasadena, CA

Levitation Undercooling, Nucleation Dr. Eugene H. Trinh
Jet Propulsion Laboratory

Pasadena, CA

Influence of Convection of Microstructure Prof. William R. Wilcox

Clarkson University
Potsdam, NY

ELECTRONIC MATERIALS

Memory Effects in the Organometallic Chemical
Beam Epitaxy of Compound Semiconductors

Prof. Klaus J. Bachmann

North Carolina State University
Raleigh, NC

Modeling Internal Radiative Transport in
Crystal Growth Process

Prof. Jeffrey J. Derby
Universityof Minnesota

Minneapolis, MN
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Growth of Nonlinear Optical Crystals
by Melt Processes

Dr. Donald O. Frazier

NASA Marshall Space Flight Center
Huntsville, AL
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MicrogravityMaterialsScienceLaboratory ThomasK. Glasgow
NASALewisResearchCenter

Cleveland,OH

ProcessModelingfor MaterialsPreperatlon Prof.FranzRosenberger
Universityof Alabama

Huntsville,AL

-
GrowthKineticsof PhysicalVaporTransport Dr.N. B. Singh

Properties:CrystalGrowth WestinghouseElectricCorporation
Pittsburgh,PA

ModelingDirectionalSolidification Prof.WilliamR.Wilcox
ClarksonUniversity

Potsdam,NY

l

GLASSES AND CERAMICS

AdvancedPhotontcMaterialsProducedby
ContainerlessProcessing

Prof.DelbertE. Day
Universityof Missouri

Rolla,MO

ChemicalVapor Depositionof High-to-
SuperconductingRims in a Mtcrogravity
Environment

Prof.MoisesLevy
UniversityofWisconsin

Milwaukee,Wl
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ContainedessLiquidPhaseProcessing
of CeramicMaterials

Dr. J. K.RichardWeber
Intersonics,Inc.
Northbrook,IL
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FLIGHT EXPERIMENTS
METALSAND ALLOYS

_nO _ !_! ;_i's_ ofF_

Effectson Nucleation by ContainerlessProcessing Prof.RobertJ. Bayuzick
VanderbiltUniversity

Nashville,TN

GravitationalRoletn Prof.RandallM.German
Liquid-Phase Sintering PennsylvaniaStateUniversity

UniversityPark,PA

ThermophyslcalPropertiesof MetallicGlasses Prof.WilliamL.Johnson
and UndercooledAlloys CaliforniaInstituteofTechnology

Pasadena,CA

0
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Measurementof Viscosityand SurfaceTension
inUndercooledMelts

Prof. JulianSzekely
MassachusettsInstituteof Technology

Cambridge,MA

ELECTRONIC MATERIALS

GaAsCrystalGrowthExperiment Dr. BrianDitchek

GTELaboratories,Inc.
Waltham,MA
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A Studyof SolutionCrystalGrowth Prof.RavindraB.Lal
InLow-g AlabamaA&MUniversity

Normal,AL

CrystalGrowthof II-IVSemiconducting Dr.SandorL. Lehoczky
Alloysby DirectionalSolidification NASAMarshallSpaceFlightCenter

MSFC,AL

CadmiumTellurideMicrogravityGrowth Dr.RatnakarR.Neurgaonkar
RockwellInternational

ThousandOaks,CA

i ....

VaporCrystalGrowthStudies Dr.LodewijkvandenBerg
EG&G

Goleta,CA

GLASSES AND CERAMICS

Measurementof Liquid-Liquid
InterracialTension

Prof.MichaelC.Weinberg
Universityof Arizona

Tucson,AZ.

Ill

Benchmark Physics

The objective of the MSAD benchmark physics program during 1992

was to provide the opportunity to test fundamental scientific theories

to a level of accuracy not possible in the one gravity environment on

Earth. The research was directed at achieving measurements at new

levels of resolution that would serve as standards for years to come.

The benchmark physics program encompasses research on transient

and equilibrium critical phenomena, as well as other thermophysical

measurements of interest in condensed matter physics.

Particularly noteworthy for FY 1992 was the performance of an ex-

tremely successful condensed matter physics experiment aboard the
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first United States Microgravity Payload that flew in October 1992. A .!

thermometer based on superconducting technology !high-resolution

and a multilayer thermal control system were used to test phase tran-

sition theories by performing heat capacity measurements near the

lambda point ofliquid helium (2.177 kelvin). The experiment operated

flawlessly with close to 100 high resolution heat-capacity measurement

sweeps performed across the helium lambda point. Additional data re-

sulted in important new information about thermal conductivity in a

temperature region totally inaccessible on Earth. This experiment also

demonstrated the utility of investigators on the ground being able to di-

rectly interact with the flight experiment. Through the use of tele-

science, more than 5000 commands were successfully sent up to the

flight experiment. Table 4.5 lists the 8 benchmark physics tasks fund- I

ed by MSAD in FY 1992.

Table 4.5 Benchmark Physics Tasks fundedby MSAD in FY 1992

GROUND EXPERIMENTS

=o

SpaceTechnologyExperimentsPlatform Prof.C.W. FrancisEveritt
(STEP) StanfordUniversity

Stanford,CA

4

PreciseViscosityMeasurementsVeryClose Dr.MichaelR.Moldover
to CriticalPoints Natl.InstituteofStandards&Technology

Gaithersburg,MD

FLIGHT EXPERIMENTS

i HeatCapacityMeasurementsNearthe LambdaPoint Prof.JohnA.Lipa

of Helium StanfordUniversity

_!:_i_ _ _ Stanford,CA
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SECTION 5:

Microgravity
Program
Missions

During1992

MICROGRAVITYMISSIONSFLOWNDURING1992

Fiscal year 1992 was extremely productive for microgravity flight inves-

tigations. The extensive ground research program was maintained and

three major microgravity science Shuttle flights were conducted, while

preparation for a fourth in early FY 93 continued. The Spacelab-based

International Microgravity Laboratory (IML-1) flew in January 1992

and the United States Microgravity Laboratory (USML-1) flew in June

1992. MSAD personnel participated in the Spacelab J (SL-J) mission

that was dedicated to microgravity and life sciences and flew in

September 1992. The United States Microgravity Payload (USMP-1), a

Shuttle Cargo Bay mission, flew in October 1992. The IML-1 and USML-

1 missions, preliminary research results, and USMP-1 mission objec-
tives are discussed in more detail in the following sections.

First International Microgravity Laboratory (IML-1)

The first of a planned series of NASA sponsored, International

Microgravity Laboratory (IML) missions dedicated to fundamental ma-

terials and life science research was flown on STS-42 from January 22,

1992 to January 30, 1992. With IML-1, NASA continued its 30-year

tradition of sponsoring cooperative space ventures with other coun-

tries. The 14-nation European Space Agency (ESA), the Canadian

Space Agency (CSA), the French National Center for Space Studies

(CNES), the German Space Agency and the German Aerospace

Research Establishment (DARA/DLR), and the National Space

Development Agency of Japan (NASDA) were NASA's partners in de-

veloping flight hardware and experiments for IML-1 and future IML

missions. IML-1 used the ESA-developed Spacelab that was installed

into the Shuttle payload bay and provided a fully-equipped laboratory

environment for microgravity experiments for eight days. This allowed

the IML-1 scientists to monitor experiments, change experimental con-

ditions, and refine their investigations based on results. NASA pro-

vided mission management, payload integration, and Shuttle trans-

portation to and from orbit. Other space agencies provided hardware

of significant interest to the U.S. science community, which was used

by their own and NASA scientists. Joint use of internationally devel-

oped flight hardware helped to reduce the cost of space experimenta-

tion for each agency. Scientific return was amplified by sharing of ex-

perimental data and samples among IML-1 investigators.

Half of the IML-1 materials science experiments had flown on previous

missions. The reflight opportunity gave scientists a chance to build

upon previous results and apply lessons learned to improve experi-

mental techniques. Experimental hardware that flew on IML-1 are
listed in Table 5.1,
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Table 5.1 IML-1 Experimental Hardware and Developer

Hardware Develo
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Protein Crystal Growth (PCG NASA

_d : _i _::_i :.i'_: _ _: _ ._

Space Acceleration Measurement System NASA
(SAMS)

......r_]_ _ _._ _t_,t_ G_ _-_ _7__|(_G_ _

Organic Crystal Growth Facility (OCGF) NASDA

Preliminary IML-1 science results were presented at the 90-Day

Report (Washington, D.C., May 7-8, 1992), an Investigators Working

Group meeting (Frascati, Italy, June 16-17, 1992), and in a special ses-

sion of the Committee on Space Research during the World Space

Congress in Washington, D.C. from August 28 through September 5,

1992. A one-year review of IML-1 science results will be held in New

Orleans on April 6-9, 1993.

At the end of FY 1992, data obtained from the IML-1 experiments con-

tinued to be analyzed and some preliminary results were reported.

One such investigation is the Casting and Solidification Technology

(CAST) experiment. A better understanding of the casting and solidi-

fication processes may lead to development of advanced alloys with im-

proved properties, such as increased strength and durability. When

metal alloys solidify, crystal branches, called dendrites, form to create

a grain structure that determines some of the alloy's properties. These

properties include superconductivity, immiscibility, mechanical

strength and corrosion resistance. These properties were expected to

be affected, and possibly improved by processing in a low gravity envi-

ronment where convection flows are minimized.

Experiments were designed to determine the influence of gravity on

fluid flow and nucleation during alloy casting and to study solidifica-

tion and coarsening of dendrite arms and their subsequent influence on

the grain structure of alloys. A total of 11 experimental runs were con-

ducted using three different thermal gradients and four growth rates
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(i.e, cooling rates). Preliminary results indicated the time to reach

steady state growth was much less in microgravity and the growth

rates were 50% higher than in the 1-g environment on Earth. It also

appears that the number of grains formed in the alloy were much less

than observed on Earth. In addition, these growth characteristics were

predicted by existing analytical models.

In another investigation, a NASA scientist used the German Cryostat

apparatus to grow protein crystals by the liquid-liquid diffusion

method and compared the resulting crystals with those grown by the

vapor diffusion method in the Protein Crystal Growth (PCG) appara-

tus. Crystals were grown of canavalin, a major source of food protein

in legumes; catalase, a beef liver protein; and satellite tobacco mosaic

virus (STMV), a source of plant disease. Because of the multiple crys-

tal forms these compounds can take, the various conditions under

which they can be crystallized, and the detailed knowledge available on

them, they provide ideal model systems for examining the detailed ef-

fects and benefits of growing crystals in space.

Crystals were grown in virtually every trial, but the characteristics of

the crystals were highly dependent on the crystallization technique

employed and the temperature history of the sample. In general, very

good results, based on visual inspection of the crystals, were obtained

in both PCG and Cryostat instruments. Unusually impressive results

were achieved for STMV crystals grown in the Cryostat instrument.

The crystals were more than 10-fold greater in total volume than any

STMV crystals previously grown in the laboratory. The X-ray diffrac-

tion data are substantially improved over Earth-based observations re-

sulting in a resolution improvement of 1.8/_ over the prior 2.3/_ (an

angstrom (/_) equals one ten billionth of a meter). These and other ob-

servations indicate growth of macromolecular (protein, nucleic acid,

and virus) crystals is influenced by the presence or absence of gravity

and that low gravity provides a more favorable environment to produce

these crystals. These results were discussed extensively in a recent

Protein Science article ("Macromolecular crystal growth experiments

on IML-I", vol. 1, No. 10, pp 1254-1268, October 1992).

First United States Microgravity Laboratory (USML-1)

The first United States Microgravity (USML-1) mission was launched

on June 25, 1992 on STS-50 and returned July 9, 1992, for a total of 14

days, the longest Shuttle flight to date. This Spacelab-based mission

was an important step in a long-term commitment to build a vital mi-

crogravity program involving government, academic, and industrial re-

searchers. Thirty-one investigations comprised the payload of USML-

1 and covered five basic areas: fluid dynamics, material science, corn-
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bustion science, biological science and technology demonstrations.

An important aspect of the long term microgravity program continued

to be reuse of flight hardware for repeated flights and multiple experi-

ments. There were three facilities or instruments that flew previously |

on IML-1 or on earlier flights. These include the Protein Crystal

Growth (PCG) facility, a Space Acceleration Measurement System

(SAMS) on its fourth flight, and the Solid Surface Combustion

Experiment (SSCE) also on its fourth flight. Four new experiment fa-

cilities flew on USML-1. They were developed to support identified sci-

ence issues and in response to the 1987 report of NASA's Microgravity
Materials Science Assessment Task Force. The resulting hardware

was designed for both multiple users and multiple flights and is listed

in Table 5.2. =

Table 5.2 New Microgravity Science Facilities and Instruments on USML-1

Hardwar e ........................................................... Deve!.oper

w

i

The Crystal Growth Furnace housed four investigations. It was used
28 to grow high-quality semiconductor and infrared-detector crystals,

using both directional solidification and vapor growth techniques. The

¢_ Glovebox allowed "hands-on" manipulation of experiments while iso-
lating the crew from the liquids, gases, or solids involved. The Surface

Tension Driven Convection Experiment apparatus was used to conduct i
studies of fluid mechanics and heat transfer in low-gravity. The Drop

Physics Module used sound waves (acoustic force) to position and ma-

nipulate samples for three investigations into the physical and chemi-

cal properties and dynamics of liquid drops.

Data from the various experiments performed on USML-1 continue to

be analyzed and results are just emerging. For example, three _firsts"

were demonstrated by the CGF; 1) use of uplinked software commands

(directed by the investigators in response to downlinked data) to con-
trol the experiments, 2) automatic exchange of samples in the

Integrated Furnace Experiment Assembly, and 3) manual exchange of

samples using the flexible glovebox. This proved a concept planned for
use in processing on Space Station Freedom, five years in advance of

the required proof-of concept demonstration.
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The Surface Tension Driven Convection Experiment (STDCE) appara-

tus was used to study thermocapillary flows (fluid motions generated

by temperature variations along the free surface of liquids.

Preliminary data seemed to be in agreement with analytic model pre-

dictions. The Drop Physics Module (DPM) was dedicated to the de-

tailed study of the dynamics of drops in microgravity: equilibrium

shapes, dynamics of fluid flows within a drop, and stable and chaotic

drop behavior. It also demonstrated the technique of containerless pro-

cessing. Some difficulties arose in the operation of the DPM associat-

ed with stabilization of an acoustically levitated drop. Results are un-

dergoing analysis. The Protein Crystal Growth (PCG) experiments

grew crystals of various proteins under different conditions for study-

ing crystal growth kinetics and the means under which fluid distur-

bances cause defects in crystals.

In the continuing spirit of international cooperation, the European

Space Agency-provided Spacelab Glovebox was used by twenty-four

NASA investigators to perform sixteen different experiments. The

Glovebox offered an additional capability to test and develop science

procedures and technologies in microgravity. It enabled crew members

to handle, transfer and otherwise manipulate materials in ways that

have been impractical in an open Spacelab. The facility had an en-

closed compartment that offered a contained working area to minimize

contamination and was also equipped with photographic equipment to

provide a visual record of experiment operations. The investigators re-

ported that the Glovebox was an invaluable resource with which to per-

form microgravity experiments in a manner similar to those performed

in ground-based laboratories.

Spacelab J (SL-J)

The Spacelab J (SL-J) mission was dedicated to microgravity and life

science experiments and flew on STS-47 from September 12, 1992
through September 20, 1992. For the National Space Development

Agency of Japan (NASDA), SL-J provided an opportunity to conduct

research in space using resources procured by Japan through reim-
bursement to NASA. SL-J was the first shared Space Shuttle mission

between the U.S. and Japan and was the most ambitious scientific ven-

ture between the two countries to date. For NASA, SL-J was another

opportunity to conduct low-gravity research in the broad disciplines of

microgravity and life sciences. For both agencies, participation in this

flight was an important step to strengthening ties internationally.

NASDA's First Materials Processing Test (FMPT) science payload

consisted of 34 materials and life science experiments; 22 in materials

processing and 12 life science investigations. Materials processing re-
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search concentrated on materials science and fluid mechanics, while

the life science experiments covered six areas of research that included

human physiology, cell biology and radiation biology. The results of

this mission are being evaluated.
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First United States Microgravity Payload (USMP-1)

The first United States Microgravity Payload (USMP-1) flew on STS-

52 from October 22, 1992 through November 1, 1992. Actually an FY

1993 mission, the USMP-1 initiated a series of microgravity missions

providing access to space through use of a Shuttle Cargo Bay carrier

comprised of two Mission Peculiar Equipment Support Structures

(MPESS). USMP-1 was dedicated to experiments designed to study

the fundamental behavior of fluid and metallurgical processes at criti-

cal phases difficult to observe in ground-based experiments. The

Lambda-Point Experiment used microgravity to test the theory of co-

operative (second order) phase transition using super-cooled helium

and a superconducting-based thermometer with a temperature resolu-

tion of better than one billionth of a degree. The French MEPHISTO

experiment was developed to study the behavior of metals and semi-

conductors during solidification from a molten state. Astronauts were

not needed to tend these experiments as both were designed to provide

for extensive use of telescience technology to optimize the science re-

turn. During the mission, over 5000 commands were sent by the sci-

ence investigators on the ground directly to their instruments on orbit

in an interactive manner. In addition, SAMS provided the first near-

real time acceleration data downlink used by investigators to better

understand their results.
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SECTION (_:

MSAD
Technology,

Hardware and
Education
Outreach
Programs

light experience with the available hardware inventory has shown
that a front-end investment in technology specific to the micrograv-

ity program is essential. To that end, MSAD funded research activities

that sought to create or refine equipment that would enhance the sci-

entific fidelity and quality of future microgravity flight experiments.

Technology development not specifically on the critical path of any par-

ticular flight project, but needed for future projects, continued to be

funded through the Advanced Technology Development (ATD) pro-

gram within the flight program budget element. Other technology de-

velopment activities were conducted in direct support of on-going or

proposed flight experiments, and were funded either directly by or in
concert with those flight projects, or from the ground-based program.

MSAD also sponsored the development of systems to characterize the
reduced-gravity environment of space experiments.

Development and use of flight hardware aboard the Space Shuttle was

a major MSAD activity for FY 1992. This hardware was designed for

reuse on multiple Shuttle missions to optimize the possible scientific

return for a particular hardware investment. Work on six multiuser

facilities for use aboard Space Station Freedom continued throughout

FY 1992. MSAD also continued an active educational outreach pro-

gram directed towards the general public, students, and teachers.

SPACEACCELERATIONMEASUREMENTSYSTEM

The objective of the Space Acceleration Measurement System (SAMS)

is to provide an acceleration measurement and recording instrument

capable of serving a wide variety of space experiments. The apparatus

was designed to measure and record the acceleration environment in

the Space Shuttle Middeck and cargo bay, and in Spacelab at lower fre-

quencies and longer durations than had been previously achieved. The

first SAMS systems were flown in June and August 1991, and again on

IML-1, USML-1, SL-J, and USMP-1 in January, June, September, and

October 1992, respectively. Development of this capability responds to

a 1988 National Academy of Sciences recommendation that spacecraft
gravity and vibration levels be precisely measured and characterized

on spacecraft carrying chemistry and physics experiments. The data

from SAMS is published by the Acceleration Characterization and

Analysis Project after every flight.

ADVANCEDTECHNOLOGYDEVELOPMENTPROGRAM

The Advanced Technology Development program continued to fund

technology research and development tasks of particular relevance to
the microgravity research program. Table 6.1 lists the ATD tasks
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funded by MSAD in FY 1992 and a brief discussion of each task follows.

In addition, technology development maturity was reached on various

sensors and were transferred to specific MSAD ground based and flight

programs. Following a formal solicitation process, three new ATD
tasks were selected for initiation in FY 1993. They include a mi-

crosensor-based microgravity accelerometer technology development,

combustion diagnostics development, and multi-variable furnace con-

trol technology investigation.

Non-Contact Temperature Measurements

A variety of non-contact techniques continue to developed accu-
be to

< rately sense small temperature changes in high temperature furnace

• applications. In 1992, continued studies have been made using a

i Division of Amplitude Polar pyrometer. An additional temperature
sensing technique was conceptualized, which will be developed in the
coming year. Applications include better high temperature measure-

_' ment and data acquisition capability for material processing studies.
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Microwave Furnace Development

Focused energy from various microwave sources has been used to conduct
material melt and re-solidification studies. Various energy level studies

conducted on a selected group of materials has resulted in successful

melting of the specimens. Development of furnace microwave tuning

techniques was also begun. As a result of this novel furnace technology,

an entirely new approach to furnace processing techniques may occur.

32

E
O
:D

o
m

0
m

z
0

"o
"o
r-

0
Z

<

Ultrasonic Interface Measurements of Crystal Growth

Progress was made in non-contact sensing and shape quantification of

the solid_iquid interface of high temperature crystal growth processes.
In FY 1992, the ability to transmit and receive ultrasonic pulses from

a high temperature sample was successfully demonstrated.

Refinements to this pulse-echo technique continue and will provide the

potential for a real-time feedback measurement to control a crystal

growth process.

Microgravity Fluids and Combustion Diagnostics

Emphasis has been added, in FY 1992, to increasing the development
of a series of improved measurement techniques applicable to micro-

gravity combustion science. Improved data accuracy acquisition were

of particular interest. Measurement of variables ranging from point

temperatures to combustion products continue to be investigated.
Activities in FY 1992 included qualitative imaging of flow fields with

high resolution video cameras, infrared image acquisitions, planar

imaging of Raleigh scattering using pulsed laser sources, and soot

transmission, scattering and sampling.
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Advanced Furnace Technology

A furnace processing concept for conductive materials was developed

and demonstrated by applying magnetic fields to a melted test sample

during processing. The primary purpose was to provide a counteracting

force which, when imparted to the melted sample, suppresses the fluid

flow produced by effects such as residual low gravity accelerations and

surface tension driven convection forces. The resulting crystal is ex-

pected to be of improved structure.

Stereo Imaging Velocimetry

Three dimensional flow velocity mapping of fluids can be accomplished

through the simultaneous mapping and tracking of multiple tracer par-

ticles whose locations are determined from two camera images. In the

first year of this technology development, various processing algorithms

were studied and implemented to enable particle centroid and edge

tracking to be accomplished. Particle tracking algorithms are funda-

mental to the imaging capability. One use of this technology involves

multi-point particle tracking during convective flow studies on fluids.

Laser Light Scattering Instruments

Sturdy, miniaturized Laser Light Scattering instrumentation and op-

erational software have been developed. This year, a single angle de-

tector system was delivered and evaluations begun. Also, advances

were made in the use of back-scatter probes in studies of nontranspar-

ent solutions. Applications are as diverse as sensing nucleation and

diffusion, and studies of cataracts.

Surface Light Scattering Instruments

Development has begun of an instrument capable of detecting fluid sur-

face phenomena such as local temperatures and interface temperature

gradients, surface tensions, and volume viscosity. Initial work has in-

cluded surface light scattering data collection using laboratory systems

and development of the theoretical equations to accomplish measure-
ments on curved surfaces.

Multizone Transparent Furnace

Development of a multizone transparent furnace was concluded. The

objective was to create a controllable multizone furnace, while provid-

ing a view of the sample. A transparent, multizone-controlled, modu-

lar furnace system for use in materials processing experiments was de-

veloped and demonstrated. Various video imaging processes were ap-

plied and evaluated to determine the sample interface shape.

Multicolor Holography

A non-contact method of simultaneously determining concentration
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and temperature variations in fluid systems is underway.

Confirmation of the capability to measure fringe lines to sufficient res-

olution was made this year. This capability will provide the ability to

continue with full measurement system development. Two fluid

parameters will be varied simultaneously, while this technique will

measure the variations by using two different frequency lasers. More

complete multi-variable research on fluid science experiments will be

enabled by this new capability. An added benefit will be the addition-

al simultaneous data acquisition capability and thus possibly a reduc-

tion in the number of experiment runs required per mission.

i Table 6,1 Advanced Technology Development funded by MSAD in FY 1992

MicrowaveFurnaceDevelopment Dr.MartinB.Barmatz
_, Jet ProulsionLaboratory

Pasadena,CA

i
ii ii

Mlcrogravlty FluidsandCombustion PaulS. Greenberg
Diagnostics NASALewisResearchCenter

Cleveland,OH

34

StereoImagingVelocimstry MaryJo B. Meyer
NASALewisResearchCenter

Cleveland,OH

_::

NASALewisResearchCenterSurfaceLightScatteringInstruments ThomasK. Glasgow

O Cleveland,OHI'll

|

MuiticolorHolography

A:HN!U_ _:::.:..... :. ,.m.-im'l_p'

mm

William K.Witherow

NASAMarshallSpaceFlightCenter
Huntsville,AL
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ADDITIONALTECHNOLOGYRESEARCHANDDEVELOPMENT

Other technology research and development areas sponsored by MSAD

include several research studies that addressed important science and

technology issues related to containerless processing of materials in

the microgravity environment. In one investigation, experimental and

theoretical work was carried out in ultrasonic levitation, undercooling,

and dendritic solidification of succinonitrile, a transparent model ma-

terial used to simulate the solidification behavior of metals and alloys.

Another effort focused on research in containerless processing using
electrostatic levitation. Electrostatic levitation and positioning was at-

tractive because of the potential for highly stable sample positioning,

and because it is the only approach that can levitate a wide variety of

sample materials, including non-electrically conducting materials, in a
high vacuum. In FY 1992, this research has resulted in a laboratory

capability in the levitation of samples at high temperatures (2000 deg.
C) where the levitation and melting of Nickel at 1500 deg. C was
demonstrated.

MICROGRAVITYEXPERIMENTHARDWAREFORSPACESHUTTLEFLIGHTS

A significant effort was spent in preparation for a number of Space
Shuttle missions that are described in Section 5.0. The multiuser and

experiment-unique apparatus flown aboard the Shuttle will be flown

periodically over the next six years in three payload configurations: 1)

the International Microgravity Laboratory (IML) first flown in January

1992, 2) the U.S.-dedicated Spacelab Microgravity Laboratory (USML)

first flown in June 1992, and 3) the U.S. Microgravity Payload (USMP),
the non-pressurized system resident in the STS payload bay first flown

in September 1992. The IML and USML laboratories, and USMP flight

configurations are currently manifested through 1997, with change-

outs planned to accommodate new experiments. Table 6.2 lists the

flight experimental apparatus that has been in use and under develop-
ment in the Microgravity program.

Table 6.2 MSAD Flight Experiment Hardwareand Facilities

CriticalFluidLightScatteringExperiment(CFLSE_:TheCFLSEapparatusprovidesa
controlledthermalenvironmentanddynamiclightscatteringandturbiditymeasurements
for criticalfluid experiments.
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DrooPhysicsModule(DPM): The DPM is designedtoinvestigatethe surfaceproper-

tiesof varioussuspendedliquiddrops,to studysurfaceandinternalfeaturesof drops
thatarebeingvibratedandrotatedandto test a newtechniquefor measuringsurface
tensionsbetweentwoimmiscible(unmixed)fluids.

FluidsExoerimentSvstem(FES/: TheFESis a multipurposefluidsresearchapparatus
thatusesschlierenandholographicimagingto investigatethe effectsof microgravityon

transparentfluids.

W_area for e_t!_r_t ma_l_0n an n _d pr03,_._es mu__

g,,

_¢ Isothermal Dendritic Growth Exoeriment (IDGE_: The IDGE apparatus is being devel-

oped to study the growth of dendritic crystals in transparent materials that simulate some

o

5
30
m

aspectsof puremetalsandmetalalloysystems.
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Low Tem_rature ResearchFacility,(LTRF): LTRFis a multidisciplinaryexperimental
flight facilitydedicatedto fundamentalscientificinvestigationsat lowtemperatureinre-

ducedgravityenvironments.
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Proa_rammableMulti-ZoneFurnace(PMZF):A PMZFcouldbe aversatiletubularfur-
nacefor solidificationstudies,usingalargenumberof independentlycontrolledaxial
heaterelementsto generatethe furnacetemperatureprofile.

SolidSurfaceCombustionExPeriment(SSCE):The SSCEis designedto determinethe
mechanismof gas-phaseflamespreadoversolidfuel surfacesin the absenceof buoyan-
cy-inducedorexternallyimposedgas-phaseflow.
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SurfaceTensionDrivenConvectionExperiment($TDCE): TheSTDCEapparatusis de

signedto providefundamentalknowledgeof thermocapillaryflows, fluidmotiongenerat-
edby the surfaceattractiveforce inducedby variationin surfacetensioncausedbytem-
peraturegradientsalongafree surface.

Illll

MICROGRAVITYSCIENCEPROGRAMPLANNEDFORSPACESTATIONFREEDOM

Space Station Freedom will provide a stable platform on which highly

productive and flexible microgravity science experiment modules can

be based. A key long term program goal is the development of several

multiuser facilities specifically designed for long duration scientific re-

search missions aboard the Space Station. To obtain an optimal bal-

ance between science capabilities, costs, and risks associated with the

design of the precursor flight experiments and modules, MSAD has co-

ordinated facility requirements definition with evolving Space Station

capabilities. In addition, MSAD has enhanced its research base to gain

sufficient on-orbit experience in order to apply valuable "lessons

learned" from early flight experiments before fully committing to ex-

tensive facility hardware design.

MSAD is defining initial requirements for six multiuser facilities for

the Space Station:

• Protein Crystal Growth Facility

• Biotechnology Facility

• Space Station Furnace Facility

• Fluid Physics/Dynamics Facility

• Modular Combustion Facility

• Modular Containerless Processing Facility

The Advanced Protein Crystal Growth Facility originally planned for

early deployment on the Space Station as a multiuser facility for pro-

tein growth has been deferred until later in the utilization of Space

Station. When completed, it is envisioned to be a double equipment

rack supporting up to four experiment modules, each with different ca-

pabilities. The current Space Shuttle Protein Crystal Growth Facility

will be adapted for the Space Station, occupy a half rack and is planned
for 1997.

The Biotechnology Facility will accommodate Bioreactor systems to ad-

dress cell growth, cell fusion, and the electro-hydrodynamic nature of

cell separation using the quiescent low-gravity environment of Space

Station. It is a modular facility occupying a single experiment rack.

Test apparatus consists of one module, divided into two sections. One
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section contains the reactor vessel, other fluid filled components, a

light and vessel drive motor. The other section contains a camera, tape

supply, control electronics, and power supply. Current efforts are fo-

cused on expanding the ground-based program relative to these re-

search areas and conducting focused flight technology demonstrations

in advance of flight experiments. The Biotechnology Facility is sched-

uled to be on Space Station Freedom in 1997.

The Space Station Furnace Facility, scheduled for 1998, is a modular

facility designed to accommodate investigations in basic materials re-

search, commercial applications, and studies of phenomena involved in

the solidification of metals and semiconductor materials. The Space

Station Furnace Facility is comprised of furnace modules and a core of

integrated support subsystems. The Space Station Furnace Facility

has also been serving as a pathfinder for all other MSAD Space

Station-bound payloads. The Space Station Furnace Facility Project

has performed extensive coordination with the various Space Station

Work Packages to ensure that payload requirements are incorporated

in the Space Station design process.

The Fluid Physics and Dynamics Facility is expected to accommodate

a range of microgravity fluids experiments such as multiphase flow,

free surface phenomena, immersed bubble/droplet interactions, and

thermophysical property measurements. The Fluid Physics and

Dynamics Facility is planned for an initial flight aboard the Space

Station in the year 1999. As precursors to the Fluid Physics and

Dynamics Facility, advanced fluids experiment hardware is presently

being defined for Spacelab missions in the mid-1990s.

The Modular Combustion Facility will support a wide range of science

experiments dealing with the study of combustion and its by-products.

The facility is currently planned for flight aboard the Space Station in

the U.S. Laboratory Module in 1999. Advanced combustion experiment

hardware is presently being defined for Spacelab missions in the mid

1990s as precursors to the Modular Combustion Facility experiments.

5
Z

The Modular Containerless Processing Facility, a multiuser facility for

the Space Station in which different non-contact sample positioning

approaches may be used to study the processing of various materials

over a wide range of temperatures, was planned. This facility may also

be used to conduct drop coalescence and interaction studies. In addi-

tion, the feasibility of a Biotechnology Facility, in which cell growth,

cell fusion, and various biological component separation techniques

might be studied, continues to be evaluated. Studies to define the sci-

ence requirements for these two facilities continued in FY 1992.
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GROUND-BASEDMICROGRAVITYRESEARCHSUPPORTFACILITIES

NASA has reduced-gravity research facilities that support the MSAD

Microgravity Research Program. The ground facilities include three

drop towers, wherein the sample and equipment can be protected from

the drop environment, at Lewis Research Center and Marshall Space

Flight Center. Aircrai_ in parabolic flight trajectories can provide even

longer microgravity durations; a KC-135 aircraft at the Johnson Space

Center and a Learjet Model 25 at the Lewis Research Center are avail-

able. Each of these facilities provides a reduced-gravity environment

of varying duration. Table 6.3 summarizes the use of these facilities in

FY 1992. The 145 meter drop tower at LeRC was closed for refurbish-

ment. The Microgravity Materials Science Laboratory at the Lewis

Research Center continued to provide an extensive computational and

modeling capability.

Table 6.3 Use of Ground-BasedLow-Gravity Facilities

No. of Investigations Supported

No. of Drops or Trajectories

No. of Flights (Flight Hours)

i

2.2 Sec. Tower KC-135 Learjet

23 30 6

883 1898 313

n/a 45 (77) 78 (118)

EDUCATIONALOUTREACHACTIVITIES

Communicating the objectives and results of the MSAD microgravity

program through educational outreach was also a major activity dur-

ing FY 1992. A secondary-level "Teacher's Guide on Microgravity" was

developed, published and made available to thousands of secondary-

level educators. This 50 page guide contained a primer covering the

various microgravity disciplines as well as a dozen different demon-

strations designed to be performed in any class room.

In late June and early July, fii_een "Today in Space" NASA Select tele-

vision productions describing the USML-1 microgravity investigations

were developed and aired. Similar productions were aired during the
IML-1 and SL-J missions. A special NASA Education Satellite Teacher

Video Conference on Microgravity, accessible to over 10,000 schools

across the United States, was broadcast on December 15, 1992.

MSAD also developed a poster on the influence of gravity as part of an

eight poster set called "Perspective from Space," developed by NASA as

a contribution to public understanding of space science in the spirit of

-!-

Z
O

¢J

e_
W

re

_g

O
Z
"r

39

[M

Z
ill

8
o
z



4O

: Z

O

= H}
_o
m

International Space Year. In FY 1992, MSAD supported two students

(University of Michigan and Colorado State University) in the NASA
Graduate Student Researchers Program (GSRP), which attempts to

reach a culturally diverse group of promising U.S. graduate students

whose research interests are compatible with NASA's programs in

space science and aerospace technology.

M1CROGRAVITYDATAARCHIVING

In FY 1992, MSAD conducted a study to determine the requirements

for microgravity science data archives. The study was conducted by
scientist from the Lewis Research Center, Marshall Space Flight

Center, and the National Institute of Standards and Technology. The

study's recommendations have been accepted and pilot archives are

currently under development.
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SECTION7:

Microgravity
Program

Resourcesfor
1992

unding for the FY 1992 MSAD microgravity science and technologyprogram totaled $120.8 million. This budget supported an array of

activities including an extensive microgravity research program,

development and flight of three microgravity dedicated Space Shuttle

missions, participation in SL-J, Space Station Freedom planning, tech-

nology and hardware development, and educational outreach. The

funding distribution for the microgravity research disciplines is illus-

trated in Figure 1. This figure represents both the flight and ground

microgravity research efforts.

• Materials Science 31%

• ATD 2%

[] Fluld Physlcs 30%

[] Blotechnology 10%
• Benchmark Physics 15%

[] Combustion 12%

Fig.7.1 (Above) FY 1992 Microgravity Funding
Distribution by Science Discipline: $120.8M

• Multi-Mission 12%

• R&A 14%

[] Small Missions 16%

• Space Statlon/Spacelab 14%

[] USMP 15%

[] IML5%

• USML 24%

Fig.7.2 {Above) FY 1992 Microgravity Funding
Distribution by Mission Series: $120.8M

Figure 2 presents the funding distribu-

tion by microgravity mission. Included

in this representation is the Research

and Analysis (R&A) element that sup-

ports the microgravity principal inves-

tigators not covered in a mission spe-

cific budget. The Multi-Mission catego-

ry includes other costs that are not

identified with a specific mission.

These costs include administration,

the advanced technology development

program, the Space Acceleration

Measurement System program, data

management and archiving, and infra-
structure. The Small Missions element

is the portion of the microgravity re-

search program that use the Space

Shuttle Small Payload Systems (e.g.,

Get Away Special Program), Shuttle

Middeck experiments, and sounding

rockets. The Space Station/Spacelab

element represents funding for experi-

ments that are planned for Space

Station Freedom, but could be conduct-

ed on the Spacelab with little or no

modification. Included in this category

are the combustion and fluids modules,

the Modular Combustion Facility, the

Fluid Physics and Dynamics Facility,

the Biotechnology Facility, Protein

Crystal Growth, and Space Station

Furnace Facility modules.

The MSAD microgravity research pro-

gram operates through five NASA Field

Centers and Figure 3 illustrates the

8
re
O.

41

Q
Z
,<
Ill
f.)

8
IX

X



"u
8
|
m

42

)
g

o
z

N JPL 17%

• HQIO%
[] LaRC 2%

[] LeRC 38%

[] MSFC 31%

• JSC 2%

Fig.7.3 FY 1992 Microgravity Funding Distribution
by NASA Field Centers: $120.8M

funding distribution

among these centers.

The microgravity effort

at Lewis Research

Center is focused on

Combustion Science

and Fluid Physics. The

effort at the Marshall

Space Flight Center is

focused on Materials

Science and the protein

crystal growth portion

of the Biotechnology

discipline, while the ef-

fort at the Johnson

Space Flight Center is

focused on the cell cul-

ture portion of the

Biotechnology discipline. The Jet Propulsion Laboratory effort is focused

on containerless processing and low temperature physics. Technology de-

velopment tasks were also funded in FY 1992 at each of the field centers.
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APPENDIX:

Acronymsand
Abbreviations

AADSF

ADSF

AO

ATD

BTF

CCDS

CFTE

CGF

CNES

CPF

CSA

DARA

DPM

DWG

ESA
FEA

FPDF

FY

GaAs

HSA

IDGE

IML

JEA

JPL

JSC

KSC

LaRC
LeRC

LLSI

LPE

MCF

MCPF

MMSL
MSAD

MSFC

NASA

NASDA

NCTM

NIST

NRA

OACT

OSSA

PCG

Advance Automated Directional Solidification Furnace

Automated Directional Solidification Furnace

Announcement of Opportunity

Advanced Technology Development

Biotechnology Facility
Center for the Commercial Development of Space

Critical Fluid Thermal Equilibrium

Crystal Growth Furnace
Centre Nationale d'l_tudes Spatiales

(The French Space Agency)

Critical Point Facility

Canadian Space Agency

Deutsche Agentur f_ir Raumfahrtangelegenheiten

(German Space Agency)

Drop Physics Module

Discipline Working Group

European Space Agency

Fluids Experiment Apparatus

Fluid Physics and Dynamics Facility
Fiscal Year

Gallium Arsenide

Human Serum Albumin

Isothermal Dendritic Growth Experiment

International Microgravity Laboratory

Joint Endeavor Agreement

Jet Propulsion Laboratory
Johnson Space Flight Center

Kennedy Space Center

Langley Research Center
Lewis Research Center

Laser Light Scattering Instrumentation

Lambda Point Experiment

Modular Combustion Facility

Modular Containerless Processing Facility

Microgravity Materials Science Laboratory

Microgravity Science and Applications Division

Marshall Space Flight Center

National Aeronautics and Space Administration

The National Space Development Agency

Non-Contact Temperature Measurement

National Institute of Standards and Technology
NASA Research Announcement

Office of Advance Concepts and Technology

Office of Space Science and Applications

Protein Crystal Growth
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PI

PIV

SAMS

SSCE

SSF

SSFF

STI)CE

STS

TEA

UAH

USML

USMP

VIT

Principal Investigator

Particle Image Velocimetry
Space Acceleration and Measurement System

Solid Surface Combustion Experiment

Space Station Freedom

Space Station Furnace Facility
Surface Tension Driven Convection Experiment

Space Transportation System
Technical Exchange Agreement

University of Alabama - Huntsville

United States Microgravity Laboratory

United States Microgravity Payload

Vibration Isolation Technology
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